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A brief discussion of the necessity of new fuel production methods 


hydrogen energy system is followed by an outline of 
Ot these only methods using fossil sources will be e 
and midterm. Thermochemical methods, employing theore 
only become competitive in the long range atter deple 
has further advanced. A detailed discussion of curren 


cycles clos. s the report. 
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Gegenwirtiger Stand der Kenntnisse auf dem Gebiet der thermochemischen Spaltung 





von Wasser zur wasserstotfgewinnung 





Zusammenfassung 











Nach einer kurzen Diskussion ü^er dic Notwendigkeit 


verfahren für ein künftiges Energiesvstem auf der Bas 


neuer 


is 


die derzeit verfügbaren Alternativen skizziert. Wirtsc} 


in naher und mittelfristiger Zukunft werden aber nur 


die! 


die sich fossile Energiequellen zunutze machen. Thermoc! 


denen theoretisch nur Wasser und Wärme eingesetzt vir 
konkurrenzfáhig, wenn eine weitere Verknappung der 
sollte. Der Bericht schlieBt mit einer ausführlichen 


Zugten thermochemischen Zyklen. 
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The hydrogen generating step: electrolysis 


versus chemical subcycles in the decomposition 


of hydrogen bromide 
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I. Introduction 





Elemental hydrogen is a versatile element 

largely derived from its role as a major r 
industry. For example, of the world produc 
refining (hydrotreating, hydrodesulphurisi 
+2 Z, ammonia synthesis for fertiliser pro 
(mainly cyclohexane) 9 Z, methanol product 
uses 5 Z. Miscellaneous uses included, amo 
and processing, foodstuff production and n 
manufacture. Despite this hydrogen is one 

large volume chemicals. The reason being t! 


produced is used captivelv: only 7 7 is so 


in 1938 the worldwide consumption of hvdr 
1973 the estimated annual total amounted 
1 hydrogen in the US,for example. has grow 
ind has tripled in the last decade. Further 
is increasing: a recent NASA study pred 

1; a reference scenario assuming nt inued 
uses (mainly coal gasificatien and liquefa 
scenario including new future uses for exam 
iid industry, in steelmaking and as a liqui 
transport. 
scenario a) projects increases in usage bv 
years 1985 and 2000 respectivelv while scen 


1 3.4 and 20 for these time periods. 


1.2. Hydrogen production: situation and al 
Presently about 90 Z of the hydrogen manufa 
fossil fuels in processes whose general che 


the equations ۱2 


? 
e 
N a 
Fe40, + 4H 3) oxidation E = reversible ceil potential (theoretical) 
TET i ۱ 4 rev 
۱ distances >200 km within large chemical compiexe-. i ۱ i i | 
whose current importance is o 3Fe + CO, ($) reduction. ۱ n bis 
| | | ۱ Z E oes = effective cell potential 
aw material in the chenical ۱ ۰ : bad tion 
Expansion of hydrogen into the world energy economy will howev: ۱ ۱ - i Tyee 
e f H = enthalpy of water splitting 


5 ~ | | | | | | | | | 
tion (1973) petroleum TV ١ The discovery of steam reforming in the 1930's made ossible the 
: P 1 fini t i talytic cracking and reforming possible empiovine current production methods and will require new t P 

etroleum refining operations e.g. ca vtic crac g ming 


production of much larger volumes of high-pressure hydrogen at necessary heat ener 


g9 


e 
T 


ng, hydrocrack: g) cor sumed ۱ ۱ ۳ f ۱ 
Es hyarocrac € sources and improved production efficiency. Current sources being based 


۱ SE 5 7 Dg i v4 ( forming oí natural gas and 7 
supp:iv 4) another 45 are derived from re rming í n r = souo? coot ١ 


duction 37 Z, chemicals / ١ "Cnt ١ ۱ | ud ۱ 
i di: on rapidly diminishing fossil materials it is apparent that future large 


he i arises from other sources such as coke manufacture, water ur ١ | ١ ۳ 
ila a... 17 In general, electrochemical efficiences for coBventional cells lie around 


ion 7 Z and miscellaneous 
thermochemical cycles - these consist of a series of chemical y 


scale production of hydrogen as an energy carrier can be only be founded 












































۱ l = lectrolysis and fuel oil refining. a "es. ta | ` ESAE 
ng others, uranium extraction eiectro:ys 5 5 ۱ b] "e M tedrensn avai 1i T 85 Z, the electrical efficiency around 65 Z and the thermal efficiency 
= >» O Í ne € : nv Oger es 5 er. . ... ° ۳ a i ۱ 
| on e oniy renewabie source í yurog , À reactıons conducted at different temperatures in which essential- ; y l ۰ ra A : : : ; i Lent 
vlon and polvurethane ur | ' | ۳ ius d | ka. d 8 " w 20-30 Z. Therme! efficiencies estimated for various thermochemical cycles 
Ihe dominant processes are however economical largelv because o | decomposition of water into its elements can only be affected bv consider- [. ly thermal energy is transformed into chemical energy. Their Sa 
f the least visible of all ۰ ! nc - 1 Ç « | : Tahin ô | | 1 i "di vary from a pessimistic 18 Z to 47-60 Z “. 
currently low and often regulated (U.S.A.) price of natural gas and able expenditure of energy. At present four major methods are available: attractiveness is based on the theoretical possibility of schieri 
۱ ; | 5 5 s Da: OT | Cai OS [ Ol n Fine 
hat over 93 7 of ali hydtogen | T | i a sê w | 
š on ‘e wit! n > ice of 0.75/10 BTL SE - : 1 : : : O 
۱ petroleum. For instance with a natural gas price $ | i ۱ © | | Tre higher thermal eíficiences for converting heat into hydrogen than A generalised scheme for a thermochemical cvele 1s shown below 
ld as merchant hvdrogen. | . ۰ mie ak. - eiectroiysis - a wei: established, reliable and simple p : 1 | 9 
ur » í` Y Tas ۲ ۰ i I è L . Vv oven 1 ١ : : È ۰ 4 i > 1 » > * * . . - 
iydrogen produced frum — Mp , kaku | id converting heat into electricity and electrolvsine water. Defini- 
| ۱ ۱ | I efficiency of conversion of electricity » hye gen and oxygen is | a 
from ب‎ » oil | " fror will imately | : ; : res: | ۱ ۱ ) ¿AB + 2H,0 = 2AH + 2BOH (AG = 0. ^H > at T.) ( 9) 
[rom crude oil ; l a è è | ۳ tions of the various efficiencies involved are shown in Figure I. 2 ' , mab: , 
۱۵ artt ae ÈS n | ee : 50 Z. The disadvantage lies in the efficiency o 
| l | l | à; ۳ > a di T 0 M i 2 BOH = JB + H,O + NO, (AG = 0, AH Oat T.) (10) 
۱ to electricity ( 40 4). The high c. ! BTU) : le. 4 £ 2 7 
Until the price of natu gas escalates significantly, bec of | hydrogen produced by conventional ment is reflected in its | 2AH = 2A +H G = 0. AH 0 at T 
2 $ 
ven was 7Ix!0 m whilst in i increased costs of production, deregulation or other factors none o n market share ! ۲. Technological goals set for 1990 envisage ti JA + 8 Y | 7 
7 1 c. i Zi = Lf D 1 e ١ it 1 : £ B 
4 1 a a 5 a . ° ١ m š : : ۰ 1 9 
ver 250xl0 m. ( nsumpt ion alternative methods for hydrogen production appears to nave an econori: Ç deveiopment f advanced electroly 
' ° 2 Net read ti n 0 » 1 * 
ht i fact r of 20) Since ۱ 4 يدت و‎ advantage. However bec ause ) 1 t he limited Suppiv natural Sas 15 nl L Gd At $ -- | 2 10 š 
i | | | | | ; ۱ w l دک‎ IF ۱1 1 OMBUST ION 5 
more the demand for hvdrocen Suitable lon: term source for hydrogen. If the natural gas price rose t : RODUCT I LECTROLYS! F H3 wher ۱ 
۱ 6 ۱ | oT aam 11) direct thermal cracking is > ۰ elevated temperatures (>2000 €) i 一 j ha ۱ 
two :uture possibilities $ 1.00/10 U hydrogen would rise in | ۱ $ 2.50/10 BTU (the heat P | i tnis report l ۱ es, 1 r curr 
| ۱ because the tree energy ot locreases markedly as a function o! | ee dius 
| historic uses with some new : content of f natura! | status and possible future d 
i temperature. At 2 /00 ji lissociated t 
tion) and (b in expanded 
An attractive future role for nydrogen would | s employment as around 0.65 Z hydrogen. The technique is ! not a ctical ۱ ) , 
‚as 7 | thermodynamics o! sed ther 
pie, as a gaseous fue 1 t | ۱ °° ———— -— a RRA IR à 
secondary energy carrier, either for storage or transm' :sion, that n alternative mainly because of material aud recombinat i 
d tue r aircraft and ground | 
conversion to a “hydrogen economy" in which hydrogen w. -uld replace such temperatures. Research on this topic h n nt is i The thermodynamic d 
| | | ' thermodynamic derivat, f 1 erting heat t 
some or all other fuels. reactivated by the advent of high temperature solar : | 
factors ind t he I | | | hydrogen is presented elsewhere , | 151055 are 
Hydrogen presents almost unique advantages as an energy source: ۱ x 
ari n envisages increases 1 ci ; | j SOCCER be diis. و‎ ° ۳۹ . definition ! i y Lad La عنقت‎ ka lee: mmarised here as : WS, 
. chemicai reacti ns u ai though Adil ۷ + L i i - J 1 i i: 1 9 _ — " > — y 9 > e a 85-6 .. - 11 eiectrolvt it 
l) it is by far the most environmentally sound energy carrier. JN nydrogen, carbon i he only e and thermochemical oduction of hydrogen from water. I) for ximum eff | 14 
| | | or maximum efficiency eac} i ther emica “cle should 
(Apart from water only nitrogen oxides and some hydrogen peroxide sufficiently abundant (as coal nd 1 i ce of ۱ | 
| | De carried out at a temperature at whi ts standard bbs free 
are formed on combustion). , energy. Although the reaction thermoel ect energy AG” vanish 
| : | ergy ranıshes, 
cernatives 
direct usage or conversion to other forms of chemical energv (rica! >) ۱ فى‎ . d š 
¿ the sum of the enthalpies i rea ion must equa y g eed the 
(ammonia, methane, methanol) is simple and the necessary technology | i 51 dd ۹ ۱ ۱ f M" i 
ctured arises via primary 1 i d is well known, the disadvantages arising from the polluting nature moch ۱ (thermal etficiency) enthalpy of formation of water. 
| | available. | (۳ E ml w | ۱ | ۱ 
nistry can be represented by and global distribution pattern of coal are evident. Another aıternatıve, | | SH/E , (8) (electrochemical efficiency) ۱ 3) 1f external work (AG + 0) is to be minimised we deduce from (13) 
direct conversion to electricity by means of fuel cells is possible. | the steam-iron process (reactions 3,4) although employed late into 
energy for water splitting AG = A. = T AS (13) 


١ | à; bind D as ; 
the 1930's for supplying small quantities (<10 SCFD) of very pure 


storage methods for gas, liquid or solid forms are available. 
hydrogen is no longer currently favoured. ۷ required for electrolysis 


transportation in pipelines either as liquid or gas practically 


without loss, is possible and is already commonly performed over 





that this can be achieved practically by operating reactions wi 
entropy changes at high temperatures and those with 
low temperatures. 
around 
definit 


lol. Cyc | | | 
ss nece he rmod yn ami 


Hundreds of water decomposition processes have been ¡roposed. Of those 
published, many are purely conceptual with no substantiating experimen 
verification and none have been demonstrated in a closed loop mode on a 
prototype or pilot plant basis. Very few of the | sed cycles would be 
even potentially usefı 1s hydrogen sour 


more frequent deficienci are as 


primary reactions do not take place rapidly enough or complicating 


side reactions oi 


the potent 

water de 

cost by high thermal 
perating costs 
source temperat 


sources and 


Unfortunateiy only a few cvclic processes have been devised whi 
more than one or tw f the above requirements. Vir.ually 
1G input in the form of pumping work in order to seperate 
"vercome chemical irreversibilities. This may, in the w ases redu 
efficiencies to lower than that of jnventional electrolysis (see 1.2). 
Two step thermal processes might be more efficient but none are known with 
xG = O for both steps. Therefore processes involving a high temperature step 
122 ۲ 313+ 


~ 


with AG = O combined with a low temperature st |f negative AG which may 
leanly 


be provided by electrolysis may be intere for practic gen production. 





th decompos 


8 j T" à Pri | ۱ i 800 H 
step 1s based on the high pressure tow temperature reaction 


y 
. " - ۰ . . . . ° -< ۲ OI ü ١ 
Pressure of 60 bar and 200 C a onversion to liquid iodine was vironment 


^ ` a en 
achieved, competitive with the gas phase equilibriur conversion at 600 ` w 


| ۱ h à ha al ۱ ۱ sion 
the apparatus is a pa. ladium sılver membrane in 1 " 


simultaneously seperated. 


catalytic decomposition of sulphuri 
51 


are 
rate of the homogeneous catalysed reaction 


terials are 
a.cessibie temperatures t teasible 


properties he oxides of the first row 
ompared. Generally although cat: | activity is apparent 
on is questionable because of vapor transpo 
u,Mn,Fe) in the H.0-SO. -SO , atmo 


seem to be | ibilitie ne better transition m 


platinum based catal s investig: | by Norman 


ntrati 


rs are hb 


١ J > Isp 
Materia rc n n: ` 


materials 


arried 


and stainie 


undaries during 


unlıkel 


— > 
mp at 


v | 
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and HBr 


can 





Basic chemistry of the SO_-Br 
Although the reaction yielding HBr 


Ispra it could be demonstated that 


Or without a chemical 
Comprehensive work at 
The hign hydrogen overvoltage on 
densities 
however remains to be demonstrated. 


densities of 9000 A/m at a voltag: 


electrodes in 47.5 Z HB 


JFeBr, (aq) * 3۳420 ( s? 


JFeO (i) + HO í 


go 


JMgBr, (aq) 


JMgBr, (s) + 3140 


was found to be a method 


Main areas of R and D activity 


and H,SO, is quite well known, equilibrium 
pa + 


provided an excess of 


nydrogen producing step i) electrolysis, 


its feasibility on a laboratory scale w 


= 


i V 


workers 


fm? 


lysis 


JMgBr, (s) 


3JMgO 


ing HBr thermochemica!lv. 





,"H4,0 system 


data are still rather sparse. From the results of experiments 


the equilibrium lies well to the right and practically no SO, 
the gas phase if the relative sulphuric acid concentration 
phase is below 0.65. High conversions of SO, (91 Z) 


dynanic experiments involving countercurrent dual column reactors 


The hydrogen generating step: electrolysis versus 


in the decomposition of hydrogen bromide 


Basically two methods are available for the decompo < 


on the electrolysis of 
ith bipolar graphite 
graphite can be reduced by 
amounts of palladium or platinum directly 
than 8000 A n° were 


+ aeu, | tà © ۳ "ET ۱ 
of 373 K using 50 2 HBr. The feasibility of 


0.9 V 


un 


c 


١ N wore ye ees 
Ali the reactions occur at relatively low temperatures so that coupling 


subsequent 


solar heat sources might be possible. The fo 


dehydrati of magnesium bromide incurs however an extremely large 


heat penaltv since it will be impossible to match it with the low 


temperature exothermic wasteheat. 







conducted at ‘cles for 


Lessart et have investigated two step thermochemical subc 


bromine is present TW 
the decomposition 








the liquid 





observed 






yxvbromide Nine metal 





promising 


involving vanadium. 


be a cycle 


Subcvc les 





1 had w TW ui ١ e tem ti 
thermal decomposition with It appears possible HBr reactii temperature 





moisture without 





md high pressure even in 





reactions. The decomposition HBr by this method will consume approx. 






HBr has demonstrated authors the 


45 Kcal/mole ybtained. According 


electrodes. 





13 modified in this wav would be approaimately 48 


efficiency of Mark 





adding small 
to the electrolyte. 


temperature 







the step on a technica! 


Sac] + havr , ۳ ba ` ۱ ] 
— — The chemica. basis tor this simple two step thermoelectrochemical 













١ 1 B aei w : : 
using smooth platinum the reactions 





decomposition of water into hvdrogen Sulphur oxides are 


involved as the recycling intermediates. Although electrical power is 


í gn 5 < h ° - 2 
reactions ferrous bromide ۱1۷۲56۲ much smaller q ies(approximatelv 15 


are needed than in conventional electrolvsis (theoretical 


! * JMgBr, 
1 work required to decompose 


practical the ratio 


leading to in thermal 


increased, 


water are expected to be 





efficiency. 
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3.3.1. Main areas of R and D activity 











3.3.2. The electrochemistry of the SO,-H,O system 


— 





, 2) 


Despite its appa ent simplicitv the basic electrochemistry of the system 
> 

cuntinues to be of interest. Appleby and Pichon”? have recently reported 

a study of SO, oxidation in sulphuric acid solution as a function of acid 

concentration using platinum electrodes of high surface area. The process 


is highly irreversible apparenily proceeding via a dithionate intermediate: 


c 
H O + SO. ٠ (H,50,) ads. * e (23) (rapid? 






JH. SO ۰ HCO + 2H (24) (rate de rminine) 



























Applying the Nernst equation to the electrochemical half reactions 23 


>» 


and 2% and rewriting in net reaction form we get; 

















values of - E of 0.52 V and 0.7 V for acid concentrations of 65 Z and 
85 Z respectively at 60°C. These, then represent the minimum AG values 
for the conversion if the dithionate mechanism is correct. Although the 
reaction is not catalytic in the normal electrochemical sense it is 


strongly substrate dependant, probabiy involving only phvsisorption. 


- i a * ( | 
Ihe results of this study suggest that a sımple flow type cell using 


50 Z sulphuric acid will probably be optimal in a practical process. 











The successful operation of such an electrolvser requires that 50, /h, SO, 


be excluded from the cell catholvte otherwise the reaction 










4 - 


H SO + “H + 4e > S + 0 (28) 


occurs, depositing sulphur thereby reducing recyclability and adversely 


influencing cell performance. Other than flow cells various othter 


methods based on diaphragms are available 2. 


Tae overall efficiency will however be iníl 
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reaction) must however be seperated prior to hydrolysis to minimise the 


£inc sulphate has 


strongly endothermic 
highest temperature input for the cycle. Heat and mass 


limit the reaction rate unless precautions are taken. 
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slow. Decomposition is 60 complete et 
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Taking the overali efficiency 


conceptual battery Krikorian estima 
including nuclear heat 
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